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Introduction and Approach 

The devolatilization of a high volatile bituminous coal follows the 
sequence indicated in Figure 1. The formation and evolution of heavy molecular 
weight hydrocarbons, tars, account for more than half the total mass loss of 
such coals (1,2,3,4). A s  observed in a wide range of heating conditions, the 
tars dominate the initial mass loss of bituminous particles. In addition, gas 
phase, "secondary" reactions of tars can account for major fractions of the 
light gas yields, depending on the heating conditions. The distribution of 
the light gases and chemical characteristics of the collected tars are 
dependent on the both the transient particle temperature and ambient gas 
temperature ( 5 , 6 ) .  

A number of investigators have reported that a range of coal types 
follows the same phenomenological sequence, although the tar yields vary 
significantly with coal rank characteristics (4,7,8). Moreover, chemical 
structural characteristics of "primary" tars are reported "similar" to those 
present in the parent coal, that is, the tar "monomers" reflect the coal 
"polymer" (3,9,10 ) .  "Primary" tars are those collected in conditions in which 
"secondary" reactions have been minimized. Some of these investigators have 
noted that, within the limits of experimental resolution, the chemical kinetic 
parameters that describe tar evolution from a wide range of coals do not vary 
with coal type (3,9 ) .  From this perspective, the phenomenological sequence, 
monomer-polymer relationship between tar and parent coal, and chemical kinetic 
parameters describing tar formation and evolution are all invariants in coal 
devolatilization. 

On the other hand, some investigators note the phenomenological sequence 
of disperse phase devolatilization is the only commonality among coals of 
varying rank characteristics. Tar yields and chemical characteristics, 
relative to other coal tars as well as to the parent coal, vary signficantly 
with coal type. 
chemical characteristics of the primary tars (7,ll). Implicit in these 
structural observations with respect to primary tars is a questioning of the 
invariance of devolatilization/pyrolysis kinetics with coal type. Since all 
primary tars are not equally "similar" to the parent coal and the distribution 
of functional groups varies so extensively with coal type, it becomes 
difficult to understand the extent to which the same tar evolution and light 
gas formation chemical kinetic parameters could be used for a wide range of 
coal types. 

In addition, secondary reaction behavior varies according to 

Other investigators have noted the appreciable role transport parameters 
can exert in determining devolatilization phenomena. The formation of a 
glass-like "melt" as an intermediate phase during devolatilization of a 
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bituminous coal (12,13,14) and the observed changes in molecular weight 
characteristics of heavy hydrocarbons with ambient pressure (15,16), have led 
some investigators into a detailed examination of intraphase and interphase 
mass transport phenomena contributions in mass loss  kinetics. Ignoring the 
details of product distributions and chemical characteristics of tars with 
changes in pyrolysis conditions, still other investigators have indicated that 
weight loss kinetics is determined primarily by heat transfer considerations 
(17,18) . 

As apparent from the diverse perspectives, a conceptual understanding of 
disperse phase coal devolatilization remains elusive and, consequently, 
comprehensive rate models remain difficult to extrapolate to a wide range of 
conditions, Among the considerable experimental difficulties are: rapidly 
quenching a heterogeneous process whose overall mass loss rate appears to 
adjust itself to heating conditions; isolating char particles, tar aerosols 
and light gas species that are coupled in product streams; minimizing gas 
phase reactions of thermally labile heavy molecular weight organic compounds; 
subsequent analysis of large, fragile organic species which have considerably 
different functional forms, depending on heating conditions and parent coal 
characteristics. 

Batch reactors and single particle systems are often criticized for 
generating too small a tar sample in conditions unrepresentative of rapid 
heating. Continuous reactor systems, such as entrained flow reactors, provide 

gases, and the large entrainment flow/sample mass, make it difficult to either 
time resolve weight loss kinetics o r  isolate primary tars for subsequent 
analyses. 

----,,L-vAu -r,.n-+rL, - I.--..:-- L.C-L ILL6  c y L L u l c ~ ~ ~ ~ ~  ---A:*: --- L v u t  due tu ia>idrnce cime, c'ne hoc entrainment 

This communication reports the utilization of a novel entrained flow 
reactor and product isolation system. 
entrained flow reactors, no attempt is made to match the entrainment gas and 
wall temperatures. Entrainment gas temperatures are purposely kept below wall 
temperatures to minimize extra-particle gas phase reactions of tars. To obtain 
char-free tar samples, an aerosol phase separation system is employed to 
isolate a significant fraction of entrained tar species from the char mass. 
Both the char particle and aerosol arms of the product separation system 
contain serially staged particulate separation systems followed by porous 
metal final filters that collect "pure" tar species. 

In contrast to the operation of most 

Experimental 

Reactor and Product Separation System 

Figures 2 - 4 display the essential components of the entrained flow 
reactor, product separation and gas analysis systems. Figures 5 - 7 display 
the total power density, radiative power density and gas temperature profiles 
as a function of reactor position. The flux rate profiles are mesured by 
specially designed, calibrated probes. Incident, center-line radiative flux 
rates range from several watts/sq. cm. at wall temperatures of 750 C to 
approximately 25 watts/sq. cm. at wall temperatures of 1270 C. Gas temperature 
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pro f i l e s  vary as  shown. Gas temperature p r o f i l e s  were obtained by making a 
se r i e s  of measurements with a set of decreasing thermocouple bead s i zes  with 
the asymptotic temperatures approached defined as  the  "true" l o c a l  gas 
temperature. 
cons is ten t  with those estimated from the  magnitude of the convective hea t  
t r ans fe r  determined from the  power dens i ty  measurements. 

In  genera l ,  the  gas temperatures measured i n  t h i s  manner a r e  

The reac tor  c rea tes  a hea t  t r ans fe r  f i e l d  i n  which en t ra ined  p a r t i c l e s  
a re  heated by r ad ia t ion  t o  the l o c a l ,  a x i a l ,  en t ra ined  gas temperture within 
the reac tor  (Figures 8 , 9 ) .  The r ad ia t ion  f lux  induces an inverse diameter 
dependent heating r a t e  on pa r t i c l e s  i n  an attempt t o  dr ive  the p a r t i c l e s  t o  
equilibrium with the rad ia t ing  walls.  The c a r r i e r  gas imposes an inverse 
diameter squared component on the  p a r t i c l e  heating r a t e ,  which i n  e f f e c t  
insures small p a r t i c l e  temperatures a re  not  very d i f f e r e n t  from the  loca l  gas 
temperature, assuming the  devo la t i l i za t ion  process is weakly endothermic or 
thermally neu t r a l .  Estimated p a r t i c l e  heating r a t e s  a r e  of the  order of 5000 
7000 C/sec i n  these conditions.  Such heating r a t e s  a re  grea te r  than t h a t  
reproducibly obtainable i n  a heated g r id  apparatus operated i n  the  same 
laboratory,  bu t  l e s s  than t h a t  expected i n  conventional en t ra ined  flow 
reac tors  wherein heating r a t e s  approaching 100,000 C/sec a r e  ind ica ted  with 
estimated t r ans i en t  f l ux  r a t e s  a t  the p a r t i c l e  surface of near ly  100 watts/sq.  
cm. Operating an entrained flow reac tor  i n  t h i s  manner minimizes gas phase 
pyrolysis reac t ions  of the i n t i a l  tar species and allows co l l ec t ion  of la rge  
quan t i t i e s  of t a r  species.  

Normally, 60 - 75% of t he  t o t a l  reac tor  flow is  drawn through the aerosol  
separation (impactor t r a i n )  system, t h a t  is F of Figures 3 and 4 i s  of t he  
order 0 .25 .  The temperature and path length of the cooled aerosol  t r ans fe r  
l i ne  a r e  var ied  according t o  the nature of the t a r s  being co l l ec t ed ,  which, i n  
tu rn ,  va r i e s  with the  parent coa l  cha rac t e r i s t i c s  and reac tor  hea t ing  
conditions.  The aerosol  phase separator is designed t o  "pu l l  o f f "  a l l  
p a r t i c l e s  o r  aerosols t h a t  a r e  l e s s  than 2 microns. A qua l i t a t ive  check o f  t h e  
performance by scanning e lec t ron  microscope examination of  the  depos i t s  
indicated t h a t  designed behavior is  followed, provided proper flow r a t e s  a re  
maintained throughout an experiment. I n e r t i a  c a r r i e s  l a rge r  p a r t i c l e s  i n t o  t h e  
char separa t ion  (cyclone t r a in )  system. Both separ ta t ion  t r a i n s  contain 
porous metal f i l t e r s  a s  f i n a l  s tages .  Performance of the  system is  monitored 
by measuring the flow through the  separation arms, pressure drop across the  
f i l t e r  housings and determining the t a r  mass deposited on each of the  f i l t e r  
systems. 
flow r a t i o  through the  two separation systems during an experiment. This i s  
observed t o  be the  case .  

Tar mass r a t i o s  a r e  expected t o  be of the r a t i o  of the  average mass 

Sample Se lec t ion  

The feed system u t i l i z e d  is capable of sustained de l ivery  of op t i ca l ly  
th in  streams of p a r t i c l e s  a t  constant mass de l ivery  r a t e ,  provided the  feeder 
i s  loaded with a narrow p a r t i c l e  s i ze  range i n i t i a l l y .  Pa r t i c l e  s i zes  as l o w  
as 10 microns and as  l a rge  a s  300 micron have been u t i l i z e d .  Since the  feeder 
operates on aerodynamic p r inc ip l e s ,  aerodynamically separated samples were 
employed (See acknowledgements). The loca t ion  of the parent coa l  sample set on 
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a pseudo-coa l i f ica t ion  band p l o t  is shown i n  Figure 10. 

Sample Measurements 

Mass l o s s  i s  determined by ash t r a c e r  techniques. I t  i s  observed t h a t  
experiment spec i f i c  determinations of t he  parent coa l  ash need t o  be 
determined. 
conditions before and a f t e r  a par t i cu la r  ho t  wall devo la t i l i za t ion  t e s t  and 
determining the  ash conten t  of the  p a r t i c l e s  co l lec ted  i n  the  f i r s t  s tage  
cyclone. This value becomes the  i n i t i a l  ash value.  I t  i s  observed t h a t  lower 
dens i ty  p a r t i c l e s  a r e  fed  in to  the  reac tor  i n i t i a l l y  desp i te  the  r a the r  
extensive e f f o r t s  t o  match the  aerodynamic cha rac t e r i s t i c s  of the  feeder with 
those of t he  s i z e  separated samples provided. Consequently, sustained 
operation over a sequence of devo la t i l i za t ion  conditions leads t o  s ign i f i can t  
var ia t ions  in the average dens i ty ,  mineral conten t ,  of the feed, which, i n  
tu rn ,  l eads  t o  incons is ten t  determinations i n  p a r t i c l e  mass loss v i a  ash 
t r ace r .  

This is accomplished by operating the  system i n  cold flow 

Elemental c h a r a c t e r i s i t i c s  of evolved t a r s  and chars a r e  determined by 
use of a Perkin-Elmer 240 instrument. I R  absorbance cha rac t e r i s t i c s  a r e  
determined by an a l k a l i - h a l i d e  technique using a Fourier Transform - In f r a red  
Spectrometer (FT-IR). The FT-IR is a l so  used t o  determine the composition of 
the  pyrolysis gases.  
recombined and continuously passed through a multi-pass c e l l .  The 43.5 meter 

generated. Concentrations a r e  low because the  i n i t i a l  s tages  of 
devo la t i l i za t ion ,  the  focus of t h i s  inves t iga t ion ,  generate small amounts of 
such gases which a r e  en t ra ined  i n  a r e l a t i v e l y  l a rge  volume of c a r r i e r  gas. 

The streams from the  two separa t ion  systems a r e  

--*I. ,,DL... l,,,,,.. --.-..I. is seeded to mastire the lou levels of :R active l i g ? , ~  gases 

Results 

HVA Bituminous Coal 

For the PSOC 1451D coa l ,  an Appalachian high v o l a t i l e  bituminous coa l ,  
t he  ash t r a c e r  v o l a t i l e  y i e lds  f o r  two p a r t i c l e  s i zes  i s  shown i n  Figure 11 
A s  indicated,  desp i te  the fac tor  of th ree  d i f fe rence  i n  pa t i c l e s  s i z e ,  the 
reac tor  temperature s e n s i t i v i t y  of the m a s s  loss is very similar between the 
s i z e  cu t s .  Temperature ca lcu la t ions  using the  measured reac tor  
cha rac t e r i s t i c s  a s  h e a t  t r ans fe r  conditions ind ica te  t h i s  should indeed be the  
case (See above ) .  
respect t o  maximum y ie lds  of each gas and p lo t t ed  with respect t o  the  peak 
reac tor  gas temperature,  s ince  gas phase reactions of t a r s  a re  thought t o  
account f o r  s u b s t a n t i a l  f r ac t ions  of  "coal" pyrolysis gases.  I t  i s  noted t h a t  
s ign i f i can t  increases  i n  acetylene and hydrogen cyanide gases a r e  not observed 
u n t i l  peak gas temperatures of 700 C a r e  achieved. A t  lower gas temperatures, 
l i g h t  gas y ie lds  a r e  dominated by CH4, C2H4, CO and H20, bu t  these gases 
account f o r  only 10 - 15% of the t o t a l  0 .2  - 0.25 p a r t i c l e  mass f r ac t ion  loss 
observed fo r  these r eac to r  conditions.  For t h i s  coa l ,  t a r  y i e lds  dominate the  
mass los s  at these and lower gas -pa r t i c l e  temperatures. 
y i e lds ,  0 . 1 0  - 0.15 m a s s  f r ac t ion ,  a r e  observed a t  gas temperatures of 350C 
(wall  temperatures of 790C). 

Figure 1 2  shows the r e l a t i v e  gas y i e l d s ,  normalized with 

Appreciable t a r  
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Examination of the elemental composition of the tars indicates that the 
tar evolution process resembles a distillation process from the point of view 
of hydrogen concentration versus characteristic temperature, gas or reactor 
wall (Table I ) .  As implied by the insensitivity of the total mass loss with 
particle size and as indicated by the temperature calculations, the elemental 
composition of the tars evolved from the two different particle sizes and for 
a particular stage of the reaction process should be similar. As indicated in 
Table I the elemental composition of the the 20 -30 micron tars and the 63 - 
75 micron tars are quite similar in elemental composition. A distillation-like 
tar evolution process would also imply changing functionality and relative 
molecular weight characteristics of the samples with characteristic 
temperature. Figure 13 displays the relative -CH2- concentration of the tars 
for increasing reactor temperature and Table I1 indicates relative molecular 
weight moments as a function of reactor temperature. 

In summary, the results indicate the hydrogen level, in particular the 
polymethylene concentration hydrogen level, of the collected tars 
systematically decreases with peak reactor temperature as the total tar yield 
increases. As the hydrogen level gradually decreases the relative molecular 
weight moments of the evolved tars increase to the point where the tar yield 
is believed to be maximized. Lower temperature tars contain less total oxygen 
and sulfur mass fractions than the total tar mass evolved to the point of 
maximum tar yield. Absolute tar yields are difficult to determinequsing an 
entrained flow reactor but investigation of the tar evolution process on a 
heated grid apparatus indicate total tar yields are 0.30 - 0.35 of the parent 
coal mass on an ash-free basis for this coal. 

Coal Rank Effects 

It is desirable to determine the change in the nature of the tars 
produced with changes in the chemical characteristics of the parent coal, 
while keeping the heating conditions constant. The heating conditions that 
maximized the tar yields for the high volatile bituminous coal (930C wall, 500 
- 600 C gas temperture) while minimizing gas phase secondary reactions were 
selected, although it is recognized that each coal type may require a unique 
set of heating conditons to maximize its tar yie1d.j 

Figures 14 and 15 compare the hydrogen and sulfur + oxygen levels of the 
tar species to those observed in the parent coals. 
characteristics of the parent coal increase the elemental composition of the 
tars become more like the parent coal. The similarity ratios asymptote toward 
unity. Conversely, the lower the rank of coal the more unlike in elemental 
composition are the primary tars. Figure 16 indicates the %H of the low rank 
coal tars can be as great as 9% in these conditions. 

As the rank 

The most striking difference in the IR absorbance spectra of the low rank 
coal tars relative to the higher ranks resides in the polymethylene absorbance 
region (2920 cm-1). 
absorbance levels in this region per unit mass of sample than the high rank 
coal tars. 
signficantly with coal rank, such behavior implies increasing concentrations 
of -CH2- levels with decreasing coal rank. The -CH2- absorbance band 

The low rank coal tars generally display much greater 

Assuming the absorption coefficients of this band do not vary 
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correlates with the % H level in the tars (Figures 16,17,18). 

The difference in structural characterisitics of the low temperature tars 
evolved from the lignite and subbituminous coals, relative to the bituminous 
coal tars, is again emphasized by comparing the molecular weight moments 
obtained by gel permeation chromatography. The data in Figure 19 indicates 
the tars evolved from the low rank coals at a particular temperature have 
greater molecular weight moments than the corresponding high rank coal tars. 
In the most elementary sense, the polystyrene calibrated gpc technique 
indicates only that aliphatic, hydrogen-rich low rank coal tars are 
structurally "larger" than the more aromatic bituminous coal tars with respect 
to a length to weight ratio parameter. These results likely reflect variation 
in conformational aspects of the tars as a function of rank rather than 
molecular weight or polarity differences. The long chain aliphatic tars 
characteristic of the low rank coals are not efficiently retained by the gel 
permeation column and, consequently, elute in the short retention times 
characterisitic of heavy polystyrene standards. The molecular "weight" moments 
appear to be more characteristic of relative molecular geometry than actual 
mass size when comparing tars from a range of coal ranks. The general 
observations with respect to the variations in low temperature coal tars with 
rank characteristics of the primary coal are indicated in Figure 20, the lower 
the rank of parent coal the more unlike the parent coal are the low 
temperature, primary tars. The dissimilarity appears primarily related to the 
aliphatic to aromatic hydrogen d i s t r i h u t i o r ,  14 the oxygen-sdf-r hatsrsatc; 
content of the tars relative to the parent coal. 
concentrations variations are observed with variation in coal type. 

Signficant polymethylene 

Although the nature of tars varies significantly with coal type, the 
particle devolatilization and gas phase reaction sequence did not. 
displays the composition of tars from a subbituminous coal (PSOC 1520D) at 
various reactor temperatures. As in the high volatile bituminous coal, the 
hydrogen rich, more aliphatic, lighter molecular weight species vaporize 
before the heavier, more aromatic species during the evolution to the point of 
maximum tar yield. At gas temperatures of 700 C or above, gas phase reactions 
of pyrolysis of the polymethylene rich tars quickly leads to ring formation in 
the tar species. C2H4 and GO are major light gas products of these reactions 
and, at still higher temperatures, C2H2, CO and HCN. In short, the same light 
gas formation temprature pattern as indicated in Figure 12 for a HVA 
bituminous coal is followed by the lower rank coals. However, the absolute 
quantities vary signficantly with the nature of the low temperature tars. 

Summary and Conclusions 

Table I11 

The entrained flow reactor investigation indicates that the phenomenology 
of coal devolatilization and pyrolysis is similar for a wide range of coal 
ranks. The phenomenology is summarized in Figure 1 . Heavy hydrocarbons are 
"formed" within (ATP - Attached Tar Precursors) the coal particle at 
relatively low temperatures (300 - 450 C). Further heating results in the 
extra-particle evolution of these heavy hydrocarbons (tars) and the onset of 
light gas production (450 - 700 C). The low temperature light gases consist 
mainly of CH4 and higher alkanes, GO, C02, H20 and some C2H4. The absolute 
quantities of these species vary with coal type as do the absolute yields of 
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"primary" tars. Gas and particle temperatures greater than 700 C 
preferentially produce C2H2. HCN, CO and C2H4. 

Although the sequence of tar evolution is phenomenologically similar, the 
structural characteristics of tars evolved from a range of coal types 
indicates quite different processes are occuring chemically. The lower the 
rank of coal, the more unlike the parent coal are the low temperature tars. 
Low temperature lignite tars appear to consist mainly of long chain aliphatic 
species with signficant levels of associated carboxylic and carbonyl groups. 
Low temperture tars from bituminous coals have structural characteristics more 
reflective of, but never identical to, the parent coal. 

Gas phase reactions of low temperature, primary tars are rapid at gas 

Such reactions quickly lead to the ring formation 
temperatures of 700 C and above, common operating temperatures of conventional 
entrained flow reactors. 
reactions from polymethylene-rich low temperature tars conincidental with the 
evolution of the heavier tar species from the devolatilizing particle itself. 
Tars collected in these conditions, particularly tars collected in separation 
systems without extensive phase separation, will appear to be more like the 
parent coal than the primary tars originally evolved and collected in the 
above reactor system or other systems that minmize secondary tar reactions. 
The phenomenological sequence of heavy hydocarbon formation, tar evolution and 
gas phase reactions appear similar for a wide range of coals, but the 
relationship between the chemical structures of primary tars and parent coal 
varies widely with coal type. 

The question of invariance in kinetic parameters among a range of coal 
types and whether chemical or transport phenomena dominate the evolution 
processes requires a multi-reactor approach in which the phases of tar 
formation and evolution can be deconvoluted. This will be the subject of 
future communications. 
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TABLE I 

ELEMENTAL COMPOSITION OF TARS - TEMPERATURE EFFECTS 
HVA BITUMINOUS COAL(PS0C 1451D) 

REACTOR MAX. 
WALL(C) GAS(C) 

790 350 

840 400 

930 510 

1020 665 

1100 790 

1190 890 

1270 1000 

PARENT COAL ....... 

790 350 

930 510 

1270 1000 

PARENT COAL . . . . . . .  

%C 

84.05 

84.07 

84.37 
84.46 

84.62 

85.22 

85.55 

86.00 

82.42 
81.07 

%H 

6.07 

5.94 

5.86 
5.93 

5.55 

5.40 

5.27 

5.08 

5.35 
5.24 

63 _ _ _ _ _ _ _ _ - _ _ _  
83.97 6.22 

84.47 5.83 
84.16 5.79 

85.50 5.29 

82.55 5.53 
81.86 5.43 

%N %(S+O) 

1.64 8.24 

1.67 8.32 

1.68 8.09 
1.76 7.83 

1.69 8.14 

1.73 7.65 

1.74 7.44 

1.73 7.19 

1.57 10.65 
1.62 12.04 

75 MICRONS------- 
1.64 8.14 

1.72 7.98 
1.74 8.29 

1.76 7.43 

1.59 10.32 
1.66 11.02 

H/C 

0.87 

0.85 

0.83 
0.84 

0.78 

0.76 

0.74 

0.71 

0.79 
0.78 

- - - - -  
0.89 

0.83 
0.83 

0.74 

0.80 
0.80 
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TABLE I1 
Relative Molecular Weight of Charactertistic of Tars 

Reactor Temperature Effects * 
PSOC 1451D, 20-30 Microns 

Reactor Wall Position 
Temperature (C) (cm) 

750 
840 
930 
1020 
1100 
1190 
1270 

* Argon Carrier Gas 

36 
36 
36 
36 
36 
36 
36 

Residence Mn Mw 
Time (msec) 

620 438 641 
580 452 665 
520 481 719 
470 491 743 
420 518 801 
385 509 803 
360 506 807 
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TABLE I11 
ELEMENTAL COMPOSITION OF TARS - TEMPERATURE EFFECTS 

SUBBITUMINOUS COAL (PSOC 1520D) 

7 9 0  3 5 0  7 8 . 2 1  8 . 4 3  0 . 6 3  1 2 . 7 3  1 . 2 9  

9 3 0  510 7 8 . 1 5  7 . 8 3  0 .79  13 .23  1 . 2 0  
7 7 . 7 8  7 . 6 3  0 .81  1 3 . 7 7  1 . 1 7  

1 2 7 0  1000 7 8 . 9 7  6 . 7 2  0 . 9 8  13 .32  1 . 0 2  

PARENT COAL . . . . . . . . . . .  6 3 . 7 7  4 . 5 4  0 . 8 3  30 .84  0 . 8 6  

* TARS - SPECIES COLLECTED ON FINAL FILTER OF IMPACTOR TRAIN 
ARGON CARRIER GAS 
PARTICLE RESIDENCE TIME: 600 msec 
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Fig .  3 
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Fig. 5 
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Fig .  7 
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F i g .  9 
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Fig .  11 
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Fig. 13 
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Fig. 15 
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Fig. 17 
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Fig. lg 
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